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Abstract 
Solar district heating (SDH) with seasonal thermal energy storage (STES) is a technology to provide heat for space 
heating and domestic hot water preparation with a high fraction of renewable energy. In order to improve the 
efficiency of such systems heat pumps can be integrated. By preliminary studies it was discovered, that the 
integration of a heat pump does not always lead to improvements from an overall energy perspective, although the 
operation of the heat pump increases the efficiency of other components of the system e. g. the STES or the solar 
collectors. Thus the integration of heat pumps in SDH systems was investigated in detail. 
Usually, the heat pumps are integrated in such a way, that the STES is used as low temperature heat source. No other 
heat sources from the ambience are used and only that amount of energy consumed by the heat pump is additionally 
fed into the system. In the case of an electric driven heat pump, this is highly questionable concerning economic and 
CO2-emission aspects. Despite that fact the operation of the heat pump influences positively the performance of other 
components in the system e. g. the STES and makes them more efficient. If the primary energy consumption of the 
heat pump is lower than the energetic benefits of all other components, the integration makes sense from an energetic 
point of view. 
A detailed assessment has been carried out to evaluate the most promising system configurations for the integration 
of a heat pump. Based on this approach a system concept was developed in which the integration of the heat pump is 
energetically further improved compared to realised systems. By means of transient system simulations this concept 
was optimised with regard to the primary energy consumption. A parameter study of this new concept has been 
performed to identify the most sensitive parameters of the system. 
The main result and conclusion are that higher solar fractions and also higher primary energy savings can be achieved 
by SDH systems using heat pumps compared systems without heat pumps. 
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1. Introduction 
Solar district heating (SDH) in combination with seasonal thermal energy storage (STES) is a 
technology which has the potential to provide heat for space heating and domestic hot water preparation 
with a high fraction of renewable energy. SDH systems are usually designed to supply at least 100 
dwellings with heat. Therefore solar collector areas larger than 1 000 m² are installed. To balance the 
seasonal mismatch between high solar yield in summer and high heat demand in winter centralized STES 
with a few thousand up to many ten thousand cubic meters of water equivalent volume are integrated in 
SDH systems [1]. 
Based on the monitoring results and the accompanying research of the operation of those systems it 
was discovered that the system performance did rarely match the estimated numbers. Therefore multiple 
reasons could be identified. Often the development of the district in means of the construction of the 
dwellings and connecting to the district heating net as well as the construction of the solar collector areas 
varies from the plan figures. Thus the dimension of components in the system and their behavior doesn’t 
match to the load of the district heating net and the solar yield by the collectors. Furthermore the desired 
low district heating net return temperatures of 30-40 °C are achieved seldom. Additionally the thermal 
insulation of the buried STES often reaches higher effective thermal conductivities than estimated by the 
planers which cause higher heat losses of the stores [2, 3]. 
In order to improve the efficiency of SDH systems with STES heat pumps can be integrated. There are 
several advantages of operating the systems with heat pumps. The STES can be discharged to lower 
temperature levels than without heat pumps. So the usable heat capacity can be increased and due to lower 
mean temperatures the heat losses decreased. The collectors also benefit from lower temperature levels by 
achieving higher solar yields. Moreover the entire system is less sensitive to high respectively fluctuating 
district heating net return temperature. The heat pump can uncouple the district heating net return 
temperature from discharging the STES or supplying the collectors by generating a lower temperature 
level. In conclusion the solar heat can be used more efficient when using a heat pump and thus higher 
solar fractions can be obtained. 
By preliminary studies it was discovered [4] that the integration of a heat pump does not always lead to 
improvements from an overall energy perspective, although it could be demonstrated that the operation of 
the heat pump increases the efficiency of other components of the system e. g. the STES or the solar 
collectors and the solar fraction of the entire system. Thus the integration of heat pumps in SDH systems 
was investigated in detail.  
2. Materials and method 
Usually, the heat pumps are integrated into the systems in such a way, that the STES is used as low 
temperature heat source. No other heat sources from the ambience are used and only that amount of 
energy consumed by the heat pump is additionally fed into the system. In the case of an electric driven 
heat pump, this is questionable concerning economic and CO2 emission aspects. Despite that fact the 
operation of the heat pump influences positively the performance of other components in the system and 
makes them more efficient. The STES e. g. benefits the most from the operation of the heat pump [4]. If 
the primary energy consumption of the heat pump is lower than the energetic benefits of all other 
components, the integration makes sense from an energetic point of view. 
Based on the monitoring results from German SDH systems with STES it was discovered that not in all 
cases the energy consumption by the heat pump is compensated by a more energy efficient operation of 
the system. Thus occasionally higher primary energy consumptions were determined for the entire system 
with heat pump integration than without. This is e. g. the case for the SDH in Neckarsulm/Germany where 
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in 2008 an electrically driven heat pump was retrofitted after more than ten years of operation without 
heat pump [5, 6]. Although the characteristic figures like solar fraction or the storage utilization ratio of 
the STES could be increased significantly the primary energy savings (compared to a heating system with 
gas boiler) were reduced from about 45 % without heat pump integration to 30-35 % with heat pump [4]. 
To determine this figures the primary energy factors from Germany [7] have been used (fP,electricity=2.6; 
fP,gas=1.1). It was ascertained at other SDH systems with STES and heat pumps e. g. in Rostock/Germany 
[4] that only with the regular operation of the heat pump according to the control strategy the planned 
primary energy savings can be obtained. 
This cognition leads to the necessity of exploring the heat pump integration into SDH with STES in 
detail. Therefore a reference system was developed to analyze the integration of an electrically driven heat 
pump isolated from other conventional heat sources like e. g. boilers (Fig. 1 (a)). Based on an energetic 
specification sheet the system configuration could be optimized. This concept was implemented into the 
transient simulation program TRNSYS [8] and simulations of long-term periods were carried out. A 
parameter study showed further potential for improvement that was used to define a reference system. The 
parameter configuration of the reference system is listed in the appendix. Additionally to this concept a 
system with gas boiler support, as it is common at many realized systems, was developed (Fig. 1 (b)). To 
have a clear distinction to the concept with heat pump a further concept with the substitution of the heat 
pump by a gas boiler was developed (Fig. 1 (c)). As an additional alternative a gas engine driven heat 
pump (GEHP) was integrated into the system which is hydraulically integrated like the electrically driven 
heat pump into the reference system (Fig. 1 (d)). The aim of the study was to supply a district with heat 
for space heating and domestic hot water preparation with an annual heat consumption of about 
3 100 MWh. This demand should be covered by a majority of solar heat. So large collector areas of 
8 000 m² and a STES with a volume of 18 000 m³ were selected. As STES a hot water store was chosen to 
have a high storage density and a high maximum operating temperature. 
The gas boiler in the concept with gas boiler support has a thermal power of 250 kW and will operate 
when the source temperature (STES) of the heat pump drops under 25 °C and until it reaches 30 °C again. 
In this time the power of the heat pump will be decreased to 50 %. By using this control strategy the heat 
pump will be operated less at inefficient conditions and the support of the gas boiler can be efficient from 
an energetic point of view. The gas boiler in the concept with the substitution of the heat pump has got a 
thermal power of 1 000 kW. This equals the mean thermal power of the substituted heat pump. The GEHP 
in the fourth concept has also got an overall thermal power of about 1 000 kW. The gas engine achieves a 
mechanical utilization ratio of 35 %. This power is used to drive the compressor of the compression heat 
pump. Additionally the rejected heat from the gas engine is used as it is indicated in the scheme in 
figure 1. 
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Fig. 1. Simplified system schemes; (a) concept with heat pump (reference system); (b) concept with gas boiler support; (c) 
concept with substitution of the heat pump by a gas boiler; (d) concept with gas engine heat pump (GEHP) 
 
3. Results and discussion 
The boundary conditions of the simulation e. g. the starting temperature of the STES were selected in 
such a way that after one year of operation the system was in a quasi stationary state. Hence the 
simulation results are based on the data from the second simulation year. 
In figure 2 the annual energy balance in monthly resolution under reference conditions are presented 
for the four different concepts. The amount of heat delivered into the district net (Qnet) is opposed to the 
heat supplied. The heat supplied can be distinguished into direct use of solar heat, which is supplied from 
the top of the STES (Qdir. dis.), heat from the heat pump (Qcond.) or from the gas boiler (Qboiler) respectively 
from the GEHP separated in heat from the compression part of the heat pump (Qcond.) and the gas engine 
(Qgas. eng.). Those heat supplies are loaded into the buffer tank for peak shifting purposes and from there 
the heat is delivered into the district heating net. The stored heat in the STES is exclusively solar heat 
from the collectors. 
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Fig. 2. Annual energy balance for the second year of operation under reference conditions; (a) reference system; (b) concept with 
gas boiler support; (c) concept with substitution of the heat pump by gas boiler; (d) concept with gas engine heat pump (GEHP) 
 
For the reference system (Fig. 2 (a)) the buffer tank and thus the district heating net can be supplied 
directly from the STES from July until November. In June and December the buffer tank is either supplied 
directly or by the heat pump. At the rest of the time the heat is exclusively supplied by the heat pump. The 
maximum temperature in the STES reaches 91 °C and the lowest 9 °C. At the concept with gas boiler 
supply (Fig. 2 (b)) the boiler supports the heat supply with a total of 193 MWh in the months February to 
April. For the concept with the substitution of the heat pump by the gas boiler (Fig.1 (c)) the high amount 
of heat covered by the boiler is obvious. In total 1 490 MWh of heat are supplied by the boiler. Using the 
STES for preheating the return flow of the boiler additionally 541 MWh of heat (Qind. dis.) can be made 
usable to the 1 310 MWh of heat from directly discharging the STES (Qdir. dis.). In sum about 200 MWh 
more heat is delivered into the district heating net by this concept than by the precious two concepts. The 
reason for this result is the higher security of supply with that concept under reference condition. This 
difference can clearly be recognized in the amount of heat delivered to the district heating net in the 
months January and February. In this period of time more heat is delivered to the district heating net with 
the concept without heat pump than with heat pump. This is caused by the performance characteristic of 
the heat pump. In the late winter months the STES is already discharged to a fairly low temperature level. 
On the other hand the heat demand of the district net faces its maximum. Due to the lower temperature on 
the source side of the heat pump (STES) the thermal power of the heat pump decreases and cannot supply 
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the peaks of the demand in the district heating net. At this aspect there is still space for improvement and 
so the last concept with GEHP was developed. Its annual energy balance is shown in figure 2 (d). The 
heat supplied by the GEHP is divided into two parts. The red beam represents the heat delivered by the 
condenser of the compression heat pump and the green one the heat delivered by the combustion engine. 
The amount of heat delivered into the district heating net equals the amount of the concept with 
substituted heat pump by the boiler. Moreover the heat amount directly discharged from the STES is 
slightly higher with the concept with GEHP in the months June and December than for the reference 
system. Based on the less sensitive behavior towards lower heat source temperatures of the GEHP than an 
electrically driven compression heat pump the thermal power of the GEHP doesn’t decrease significantly 
in the months January and February. Thus the security of supply of the district heating net is granted for 
this concept. 
Figure 3 shows the proportional heat supply of the four different concepts for one year of operation. In 
figure 3 (a) the distribution for the reference system is presented and in (b) the system with gas boiler 
support. The reference system can supply 33 % directly with solar heat from the STES and 67 % by the 
heat pump to cover the heat demand of the district heating net. For the concept with gas boiler support the 
proportions are 34 % by direct STES use, 60 % by the heat pump and 6 % by the gas boiler. For the 
concept with heat pump substitution (Fig. 3 (c)) the proportions are 45 % by the gas boiler, 39 % direct 
STES use and 16 % of the STES to preheat the return flow for the gas boiler. The directly used solar heat 
from the STES is higher compared to the previous concepts because the STES is operated on higher 
temperatures. In figure 3 (d) the proportions of the concept with GEHP are presented. The total supply is 
divided into 34 % direct use of the STES, 17 % by rejected heat from the gas engine and 49 % from the 
compression heat pump. 
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Fig. 3. Comparison of the proportional heat supply (a) reference system; (b) concept with gas boiler support; (c) concept with 
substitution of the heat pump by gas boiler; (d) concept with gas engine heat pump (GEHP) 
 
In Table 1 the characteristic figures for the four concepts are listed. The planned improvement by the 
gas boiler support considering the more efficient operation of the heat pump can be seen by the increase of 
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the seasonal performance factor (SPF) of the heat pump. This increase is 0.3 and adds up to a SPF of 4.9. 
Nevertheless this concept is energetically not more efficient than the reference system which can be 
recognized by the slightly lower values for the primary energy savings and savings of CO2-emmissions. 
The reason for the lower efficiency is caused by the changed operating temperature level of the STES. 
Due to less discharging the store’s mean temperature is higher with the gas boiler support than without. 
These causes higher heat losses of the store. Additionally the higher system temperatures reduce the 
efficiency of the solar collectors and hence the solar yield decreases. Furthermore the temperature 
difference between fully charged and discharged of the STES is reduced which also reduces the usable 
thermal capacity of the store. So less heat can be discharged from the STES and needs to be replaced by 
heat from the gas boiler which causes additional energy consumption. 
The characteristic figures of the concept with heat pump substitution differ clearly from the results of 
the reference system at constant reference conditions. The reduced usable thermal capacity by missing the 
heat pump and the higher operating temperature level of the STES are obvious in the characteristic 
figures. The storage utilization ratio debases to 60.3 %. The solar yield and the solar heat delivered to the 
district are also significantly reduced. This results to a solar fraction and primary energy savings of 
55.5 %. 
For the concept with GEHP the solar fraction is 72.9 % and thus about 13 % lower than for the 
reference system. Again, the reason therefore is that the electrically driven heat pump discharges the 
STES to lower temperature levels than the GEHP. So the STES with GEHP is operating less efficient and 
thus the entire system. Furthermore the district heating net can be supplied better during the months 
January and February by the concept with GEHP. In this period of time this is done more with 
conventional energy by the GEHP than with solar heat. This additional energy consumption influences the 
solar fraction negatively. On the other hand the security of supply is assured with the concept with GEHP. 
The SPF of the GEHP is 2.2. It is much lower than the SPF of the electrically driven compression heat 
pump because to the much lesser mechanical utilization ratio of the combustion engine in comparison to 
an eclectic motor. A comparison to measurement data from the literature [9] confirms the plausibility of 
the simulation data. Based on the primary energy factor of gas with 1.1 the entire concept with GEHP 
achieves the highest primary energy savings of all concepts with a value of 69.9 %. 
 
Table 1. Characteristic figures of the reference system in comparison with the concept with gas boiler support, substitution of the 
heat pump (no heat pump) and GEHP 
Figures Unit Reference 
system 
Gas boiler 
support 
Gas boiler 
(no HP) 
GEHP 
Storage utilisation ratio ηstore % 92.0 91.4 60.3 90.2 
Specific solar yield of 
collectors 
kWh/(m² a) 369 358 272 345 
Specific solar heat into 
district heating net 
kWh/(m² a) 340 327 164 312 
Collector utilisation ratio 
ηcol. 
% 29.5 28.7 22.6 27.7 
Solar fraction fsol % 85.5 81.6 55.5 72.9 
SPF heat pump - 4.6 4.9 - 2.2 
PE-Savings % 65.7 65.0 55.5 69.9 
CO2-Savings % 63.8 63.5 55.5 69.9 
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Further simulations have been carried out to improve the energetic performance of the concepts. By 
using e. g. high efficient solar collectors like vacuum flat plate collectors [10] it is easily possible to 
achieve solar fractions above 90 % by same size of collector area and also increase the primary energy 
savings further. 
4. Conclusions 
Different concepts of SDH systems with STES and heat pumps or gas boilers as auxiliary heaters have 
been compared by means of transient simulations. The results of the simulations were analyzed under 
consideration of energetic aspects and overall efficiency. The concepts in this study reveal that the 
concepts with heat pump integration are energetically more efficient than without. 
The reference system with heat pump achieved the highest solar fraction. This based on the high 
energetic efficiency of the electrically driven heat pump and its energetic synergy effects with the other 
components in the system e. g the STES. Under detailed analyzes of the results it could be determined that 
the high solar fraction is connected to an insufficient security of supply of the district heating net. 
Especially in the month January and February the heat demand cannot be supplied satisfactorily. The 
concept with GEHP does secure the net supply. Despite the fact that the concept with GEHP achieves 
lower solar fractions than the reference system the primary energy savings are higher for the concept with 
GEHP (considering primary energy factors for Germany). The concept with GEHP reaches the highest 
primary energy savings and reduction of CO2-emmissions of all four discussed concepts with values of 
each 69.9 %. 
Based on monitoring results from realized SDH with STES and heat pumps and the simulation study it 
can be concluded that the commonly known characteristic figures e. g. the solar fraction of the STES are 
not the most meaningful figures to describe the energetic efficiency of such complex systems. Rather 
should be the primary energy consumption respectively savings scope of characterizing the energetic 
efficiency. By substituting energy sources with a high primary energy effort by source with a lower 
primary energy effort, like electricity by natural gas, concepts with even lower comparable solar fraction 
can achieve higher primary energy savings. This example could be demonstrated by the concept with 
GEHP in comparison with the concept with electrically driven heat pump. 
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Appendix A. Parameters of reference system 
Tabel 2. Parameters of reference system and reference conditions 
 Value and unit 
Weather data Wuerzburg/Germany (TRY)  
Hot water tank store (STES)  
Volume: 18 000 m³ 
Height: 15 m 
Thermal conductivity of insulation: 0,14 W/(m K) 
Thickness of insulation at top: 1 m 
Thickness of insulation at lateral surface: 0,7 m 
Thickness of insulation at bottom: 0,5 m 
Buffer tank with stratification device for charging flow and 
district heating net return flow 
 
Volume: 150 m³ 
Height: 12 m 
Collectors (flat plate collectors)  
Area: 8 000 m² 
Azimut: 0° (directly towards South) 
Slop: 45° 
Collector parameters (Typ: Solar Roof by Wagner & Co. 
GmbH + Solvis Energiesysteme) [11]: 
η0 = 0,81; a1 = 4,138 W/(m² K²); 
a2 = 0,008 W/(m² K²) 
Heat pump  
Refrigerant: R227ea 
Max. electric power: 275 kW 
District network  
Annual heat consumption: 3 100 MWh 
 
